Abstract. Cathepsin B and uPAR play key roles in cancer cell migration and invasion. Here, we demonstrate that the simultaneous, siRNA-mediated down-regulation of uPAR and cathepsin B inhibits glioma cell migration and is accompanied by cytoskeletal condensation. We show that the dephosphorylation of cofilin is inhibited by the down-regulation of uPAR alone and, to a lesser extent, by the down-regulation of cathepsin B alone, and that the effect was much higher with the down-regulation of both molecules by pUC. Using FACS analysis and Western blotting for the · V ß 3 integrin heterodimer, we determined that down-regulating uPAR subsequently causes the down-regulation of the · V ß 3 integrin heterodimer. As evidenced by Western blot analysis of ERK1/2, pERK1/2, p38MAPK, p-p38MAPK, AKT, pAKT and PI3-k, the MEK and PI3-k pathways are inhibited. From cytoskeleton studies, we observed that the down-regulation of uPAR caused cytoskeletal condensation and that the simultaneous downregulation of uPAR and cathepsin B was even more effective at inducing cytoskeletal condensation than uPAR alone. Our results demonstrate the relevance of uPAR in cytoskeletal dynamics and the potential of uPAR and cathepsin B as targets in the treatment of malignant gliomas.
Introduction
Developing cancer cells acquire several capabilities including increased replicative potential, anchorage, independence from growth factors, evasion of apoptosis, angiogenesis, and invasion of surrounding tissue and metastasis (1) . For a cell to divide, changes in cell architecture are required. These cellular changes are triggered by the cyclin B-CDK1/p34 complex, which phosphorylates proteins such as kinase-like motor proteins, which are required for mitotic spindle assembly, and caldesmon, an actin-binding protein (2, 3) . Many researchers have indicated that the organization of the cytoskeleton is not restricted to mitosis alone and that cytoskeletal organization has been observed in the interphase.
A major component of the cytoskeleton is actin. Actin is one of the most abundant and highly conserved proteins among eukaryotes, the assembly/disassembly and organization of the actin cytoskeleton is regulated by actin-binding proteins including actin depolymerizing factor (ADF), also known as cofilin. Cofilins comprise a family of actin-binding proteins, which are ubiquitous among eukaryotes (4, 5) . Mammals produce only three members of the Cofilin family: ADF, non-muscle cofilin, and muscle cofilin. All three mammalian cofilins contain a nuclear translocation sequence and can be targeted to the nucleus (6) . Actin, on the other hand, has a nuclear export sequence rather than an import sequence suggesting that cofilin may be a nuclear chaperone for actin (7) . The transformation of a normal cell into a cancer cell involves the enhancement of cell motility during metastasis and cell division. Both of these processes involve the condensation and reorganization of the actin cytoskeleton mediated by a decrease in adhesion-dependent growth. Cofilin is the final effector molecule that mediates the depolymerization of actin to be further processed for extension. Polymerization has been shown to be regulated by LIMK1/2 which, in turn, is regulated by the Ras-MEK pathway (8) .
Disrupting the metastatic ability of cancer cells targeting the cytoskeleton architecture has been an attractive goal of cancer therapy (1) . Our previous results have demonstrated the possible involvement of Ras-PI3k in the uPAR-mediated signaling cascade (9) . We have shown that the absence of uPAR in human glioma cells leads to morphological changes associated with decreased spreading and a disorganized cytoskeleton resulting in altered cell morphology (10) . Cathepsin B is known to be associated with uPAR and its integrin-mediated signaling ability (11) . Hence, targeting uPAR and cathepsin B would mediate a signaling cascade, which should involve the rearrangement of the cytoskeleton. We have previously shown that the RNAi-mediated downregulation of uPAR and cathepsin B retards invasion and migration in SNB19 glioma cells (12) . In the same study, we demonstrated that the down-regulation of uPAR and cathepsin B subsequently causes the dephosphorylation of ERK1/2 and a slight decrease in total ERK1/2 levels. Other groups have demonstrated that both migration and invasion by cells involves the de-and re-organization of the cytoskeleton (1). Thus, it is possible that targeting uPAR and its associated molecules, such as uPA or cathepsin B, will induce a change in cytoskeletal architecture and thereby retard invasion and migration. In this study, we have attempted to establish a link between integrinmediated uPAR signaling and the regulation of cofilin, which is involved in actin depolymerization.
Down-regulation of uPAR and

Materials and methods
Plasmid construction. pcDNA 3 was used for the construction of a vector expressing siRNA for both cathepsin B and uPAR downstream of the cytomegalovirus (CMV) promoter. The uPAR sequence from +77 to +98 was used as the target sequence and, for convenience, a self-complimentary oligo was used. A uPAR sequence, 21 bases in length with a nine base loop region with BamHI sites incorporated at the ends (gatcctacagcagtggagagcgattatatataataatcgctctccactgctgtag), was used. The oligo was self-annealed in 6' SSC per standard protocol and ligated on to the BamHI site of a pcDNA-3 vector plasmid. Similarly, a cathepsin B complimentary sequence from +732 to +753 (tcgaggtggcctctatgaatcccaatatata attgggattcatagaggccacc) with XhoI sites incorporated at the ends was ligated into the XhoI site of the vector containing the siRNA sequence for uPAR. This finally resulted in an siRNA expression plasmid for cathepsin B and uPAR designated as pUC. Single siRNA expression vectors for uPAR (puPAR) and cathepsin B (pCath B) were also constructed as described by our group (12) . The orientation of either insert in the single or bicistronic was not relevant since the oligos were self-complimentary and had bilateral symmetry. BGH poly A terminator served as a stop signal for RNA synthesis for all three constructs.
Cell culture and transfection conditions. The SNB19 cell line, established from a human high-grade glioma, was used for this study. Cells were grown in Dulbecco's modified Eagle's medium/F12 media (1:1, v/v) supplemented with 10% fetal calf serum in a humidified atmosphere containing 5% CO 2 at 37˚C. SNB19 cells were transfected with empty vector (EV), scrambled vector (SV) puPAR, pCath B or pUC using lipofectamine as per the manufacturer's instructions (Life Technologies, Rockville, MD).
Western blot analysis. SNB19 cells were transfected with mock, empty vector, puPAR, pCath B or pUC and cultured for 48 h. Cells were then harvested, washed twice with cold PBS and lysed in buffer (150 mM NaCl, 50 mM Tris-HCl, 2 mM EDTA, 1% NP-40, pH 7.4) containing protease inhibitors. Equal amounts of protein (30 μg/lane) from supernatants or cells were electrophoresed under non-reducing conditions on 10% acrylamide gels. After SDS-PAGE, proteins were transferred to a polyvinylidene difluoride membrane (Bio-Rad).
To block non-specific binding, the membrane was incubated for 2 h in PBS with 0.1% Tween-20 (T-PBS) containing 5% non-fat skim milk. Subsequently, the membrane was incubated for 2 h with antibody against cathepsin B, uPAR, MAPK, phosMAPK, PI3k, PAR4, cofilin and phospho-cofilin in T-PBS + 5% non-fat milk. After washing in T-PBS, protein on the membrane was visualized using the ECL™ detection kit with a peroxidase-labeled anti-rabbit or anti-mouse antibody (Amersham Pharmacia Biotech, Amersham, UK) per manufacturer's instructions. For loading control, the membranes were stripped and probed with monoclonal antibodies for GAPDH as per standard protocol. 6 ) were seeded on vitronectin-coated plates as described previously (9) . Cells were transfected with EV/SV, puPAR, pCath B or pUC. Cells were trypsinized 72 h after transfection, washed with PBS, and resuspended at a concentration of 1x10 6 cells/ml in PBS. Cells were then incubated with either control (mouse IgG) antibody (Santa Cruz, sc-2025) or LM609, an · V ß 3 integrin heterodimer-specific monoclonal antibody (Chemicon Int., Temecula, CA; 1:250 dilution), for 1 h on ice, pelleted, and washed three times with PBS to remove excess primary antibody. Cells were then resuspended in 1 ml of PBS and incubated with biotinylated anti-mouse IgG (Vector Laboratories Inc., Burlingame, CA; 1:250 dilution) for 1 h on ice. After three more washes, streptavidin-fluorescein isothiocyanate conjugates (Life Technologies, Inc.; 1:150 dilution) were added, the cells were washed three times, and the cell pellet was resuspended in 2% paraformaldehyde and analyzed on a flow cytometer.
FACS analysis. SNB19 cells (2x10
Visualization of actin cytoskeleton. SNB19 cells (1x10 4 ) were seeded on vitronectin-coated 8-well chamber slides, incubated for 24 h and transfected with EV/SV, puPAR, pCath B or pUC. Cells were washed with PBS, fixed with 3.7% formaldehyde, and permeabilized with 0.2% Triton X-100 for 5 min. Then, F-actin was labeled by adding tetramethylrhodamine isothiocyanate-labeled phalloidin (200 ng/ml; Sigma) in PBS for 30 min, and immunofluorescence was recorded photographically on a fluorescence microscope fitted with the appropriate filters. The condensation of the cytoskeleton was quantified as the percent of cells showing actin cytoskeleton condensation.
Results
Down-regulation of uPAR and cathepsin B simultaneously cause the down-regulation of phospho AKT, phospho p38 (MAPK) and PI3-K.
To determine the effect of RNAi-mediated down-regulation of uPAR and cathepsin B on SNB19 human glioma cells, the cells were transfected with mock, empty vector, puPAR, pCath B or pUC and cultured for 48 h. At the end of incubation, cells were harvested, washed twice with cold PBS, lysed, and proteins were extracted as described earlier.
From the Western blot analysis, it is clear that SNB19 cells transfected with puPAR showed a decrease in the expression of uPAR protein levels and transfection of SNB19 cells with pCath B resulted in the down-regulation of cathepsin B protein levels as compared to the controls. Transfection of SNB19 cells with pUC resulted in the down-regulation of both uPAR and cathepsin B as compared to the controls. EV/SV-transfected SNB19 cells did not show any significant changes in uPAR and cathepsin B expression (Fig. 1) . The protein levels of AKT and phospho-AKT ser473 were also determined in mock-, empty vector-, puPAR-, pCath B-and pUC-transfected cells. AKT levels remained similar in mock-, empty vector-, puPAR-, pCath B-and pUC-transfected cells whereas phospho AKT ser473 levels were reduced to almost undetectable in pUC-transfected cells. In puPAR-transfected cells, we observed a ~50% reduction in the levels of phospho-AKT ser473 as compared to the controls. The effect was more pronounced in pCath Btransfected cells with a ~75% reduction in phospho-AKT ser473 when compared to the controls. p38MAP kinase levels remained unchanged in mock-, empty vector-, puPAR-, pCath B-and pUC-transfected cells; whereas the levels of phospho-p38 tyr182 MAP kinase were reduced in pUC-transfected cells but remained unchanged in mock-, EV-, puPAR-and pCath B-transfected cells. The levels of PI3-k essentially remained unchanged in mock-, EV-and puPAR-transfected cells but were reduced by ~20% in pCath B and ~40% in pUC-transfected cells. GAPDH served as loading control.
The down-regulation of uPAR and cathepsin B is associated with a corresponding increase in PAR-4 levels.
To determine the effect of RNAi-mediated down-regulation of uPAR and cathepsin B on SNB19 human glioma cells, the cells were transfected with mock, empty vector, puPAR, pCath B or pUC and cultured for 48 h. At the end of incubation, the cells were harvested, washed twice with cold PBS, and lysed and proteins were extracted as described in Materials and methods.
The down-regulation of uPAR alone did not induce any change in the levels of ERK1/2 or pERK1/2 as was shown previously (12) , whereas the levels of PAR-4 did show a slight increase in expression with controls showing no detectable levels ( Fig. 2A) . In the case of cells transfected with pCath B, detectable levels of PAR-4 were observed with a corresponding decrease in ERK1/2 but no significant change in pERK1/2 levels (12). In pUC-transfected SNB19 cells, PAR-4 expression was observed and was ~35% higher than in the pCath Btransfected cells (Fig. 2) . GAPDH levels served as loading controls (Fig. 2) . 3 integrin is down-regulated in correlation with the downregulation of uPAR and cathepsin B and is accompanied by the de-organization of actin cytoskeleton. To determine the effect of the down-regulation of uPAR and cathepsin B on the regulation of · V ß 3 integrin, SNB19 cells (2x10 6 ) were seeded on vitronectin-coated plates as described previously (9) . After SDS-PAGE, proteins were transferred to a polyvinylidene difluoride membrane. To block non-specific binding, the membrane was incubated for 2 h in PBS with 0.1% Tween-20 (T-PBS) containing 5% non-fat skim milk. Subsequently, the membrane was incubated for 2 h with antibody against cathepsin B, uPAR, p38, phospho-p38, AKT, pAKT and PI3-k in T-PBS + 5% non-fat milk, followed by appropriate HRP-conjugated secondary antibody. For loading control, the membranes were stripped and probed with monoclonal antibodies for GAPDH as per standard protocol. After SDS-PAGE, proteins were transferred to a polyvinylidene difluoride membrane. To block non-specific binding, the membrane was incubated for 2 h in PBS with 0.1% Tween-20 (T-PBS) containing 5% non-fat skim milk. Subsequently, the membrane was incubated for 2 h with antibody against PAR-4 or GAPDH, in T-PBS + 5% non-fat milk, followed by appropriate HRP-conjugated secondary antibody. For loading control, the membranes were stripped and probed with monoclonal antibodies for GAPDH, as per standard protocol. (B) The Western blots were quantified and the expression levels of PAR-4, and GAPDH are represented as arbitrary units depending on the density of signal on the autoradiogram. body was used for the negative control; untreated cells and EV/SV-treated cells were similar in their distribution of · V ß 3 integrin. In contrast, the granularity of the cells was disrupted (y-axis) and a drop in the fluorescence was also observed (x-axis) in puPAR-treated cells. In pCath B-treated cells, the fluorescence remained essentially the same but there was a decrease in the granularity. Cells treated with pUC were similar to puPAR-treated cells. However, the degree of fluorescence was reduced much more in pUC-treated cells than in puPARtreated cells. Similar to the levels of · V ß 3 integrin heterodimer, phalloidin TRIT-C stained F-actin showed condensation in puPAR-and pUC-treated cells (Fig. 3B ). Control and EV/SVtreated cells did not show significant morphological changes, whereas puPAR and pUC-treated cells showed condensation of F-actin with pUC-treated cells showing relatively lower concentrations of F-actin than the controls. In pCath B-treated cells, F-actin condensation was observed but was significantly less than that in pUC-and puPAR-treated cells. Quantative 6 ) were seeded on vitronectin-coated plates as described previously (9) and transfected with EV/SV, puPAR, pCath B or pUC. Cells were trypsinized 72 h after transfection, washed with PBS, and resuspended at a concentration of 1x10 6 cells/ml in PBS. Cells were then incubated with either control (mouse IgG) antibody (Santa Cruz, sc-2025) or LM609, an · v ß 3 integrin heterodimer-specific monoclonal antibody for 1 h on ice, pelleted, and washed three times with PBS to remove excess primary antibody. Cells were then resuspended in 1 ml of PBS and incubated with biotinylated anti-mouse IgG (Vector Laboratories Inc., Burlingame, CA; 1:250 dilution) for 1 h on ice. After three more washes, streptavidinfluorescein isothiocyanate conjugates (Life Technologies, Inc.; 1:150 dilution) were added, the cells were washed three times again, and the cell pellet was resuspended in 2% paraformaldehyde and analyzed on a flow cytometer. (B) F-actin condensation was visualized after staining with tetramethylrhodamine isothiocyanate-labeled phalloidin (200 ng/ml; Sigma) in PBS for 30 min, and immunofluorescence was recorded on a fluorescence microscope fitted with the appropriate filters. (C) Briefly, SNB19 cells (1x10 4 ) were seeded on vitronectin-coated 8-well chamber slides, incubated for 24 h and transfected with EV/SV, puPAR, pCath B and pUC. Cells were washed with PBS, fixed with 3.7% formaldehyde, and permeabilized with 0.2% Triton X-100 for 5 min. Then, F-actin was labeled by adding tetramethylrhodamine isothiocyanate-labeled phalloidin (200 ng/ml; Sigma) in PBS for 30 min, and immunofluorescence was recorded photographically on a fluorescence microscope fitted with the appropriate filters. The condensation of the cytoskeleton was quantified as the percent of cells showing actin cytoskeleton condensation. (D) Western blot analysis of the · v ß 3 integrin heterodimer, cofilin and phospho-cofilin was performed as described in Materials and methods. GAPDH served as loading control.
analysis of F-actin condensation was performed by screening 10 fields and represented as percent condensation (Fig. 3C ). Control and EV/SV-treated cells did not show significant F-actin condensation whereas 80±5% of puPAR-treated cells showed F-actin condensation and 37±7% of pCath B-treated cells showed F-actin condensation. The most significant numbers were observed with pUC-treated cells, where 95±3% showed F-actin condensation.
Down-regulation of uPAR and cathepsin B mediates a decrease in active cofilin.
To determine the effect of RNAi-mediated down-regulation of uPAR and cathepsin B on SNB19 human glioma cells, the cells were transfected with mock, empty vector, puPAR, pCath B or pUC and cultured for 48 h. Fig. 3D shows a reduction in the levels of active cofilin in puPAR-, pCath B-and pUC-treated cells. Of note, the levels of cofilin in pUC-transfected cells were almost undetectable. Cofilin expression in puPAR-treated cells was less than that in pCath B-treated cells. Similar levels of P-cofilin were observed in control, puPAR-, pCath B-, pUC-, and SV-treated cells (Fig. 3D) . · V ß 3 levels were significantly decreased in puPARand pUC-treated cells and the effect was less in pCath B-treated cells than in control and EV/SV-treated cells (Fig. 3D) .
Discussion
For glioma cells to migrate, a constant change in the cellular architecture is required. Cell migration is a finely choreographed event, which involves several distinct steps. Extension of protrusion in response to migratory stimuli is coupled to actin polymerization. Actin filaments possess barbed and pointed ends, the barbed end being the end at which actin monomers are incorporated during polymerization. For actin polymerization to occur, uncapping of the barbed end (13), severing of F-actin by cofilin (14) , and polymerization of actin by Arp2/3 (15) is required.
In our study, we have simultaneously down-regulated uPAR and cathepsin B and observed the destabilization and condensation of actin filaments. Both uPAR and cathepsin B are known to be associated in close proximity to · V ß 3 integrins (11). This close proximity to · V ß 3 integrins has been implicated in their ability to initiate signaling events. We observed from our Western blot analysis of SNB19 cells transfected with puPAR, pCath B and pUC that the activation of AKT by phosphorylation is inhibited. This indicates that the signaling cascade mediated by · V ß 3 integrins is interfered with at the PI3-k pathway (16) .
In addition, we observed that the simultaneous downregulation of uPAR and cathepsin B causes the inhibition of activation of p38MAPK, which is known to be mediated by MEK (17) . Our results indicate that the association of uPAR to · V ß 3 integrin not only activates the PI3-k-mediated activation of AKT but also simultaneously activates the MEK-mediated p38MAPK/ERK pathway. The simultaneous down-regulation of uPAR and cathepsin B also resulted in the down-regulation of total ERK1/2 with a corresponding increase in PAR-4 protein levels. Earlier reports have indicated that the phosphorylated form of ERK1/2 negatively regulates the PAR-4 expression and PAR-4 negatively regulates the total ERK1/2 expression (18) . We have demonstrated that PAR-4 regulation is negatively controlled by uPAR and cathepsin B and can be used as an indicator of the phosphorylation state of ERK1/2. This also explains the decrease in total ERK1/2 levels that we observed previously (12) .
From our FACS analysis studies, we observed that the cellular content of · V ß 3 integrin was reduced much less in cells with cathepsin B down-regulation than in the control. In the case of uPAR-down-regulated cells, a decrease in the levels of · V ß 3 integrin was observed which was more pronounced in cells with simultaneous uPAR and cathepsin B downregulation.
Previous studies have suggested the importance of cofilin in actin dynamics (19) and that the dephosphorylation of cofilin is initiated through extracellular signaling mediated by integrins. Our results demonstrated that the simultaneous down-regulation of uPAR and cathepsin B not only hinders the activation of cofilin but also down-regulates levels of the · V ß 3 integrin heterodimer as seen from FACS analysis and Western blotting.
Other researchers have demonstrated that EGF stimulation may indicate a more complex regulatory mechanism for cofilin dephosphorylation (20) . In the present study, we have demonstrated that cofilin activation is inhibited by the downregulation of uPAR and cathepsin B. This results in a signaling cascade to LIMK1/2, which is responsible for the phosphorylation of cofilin. The protein, 14-3-3˙, is known to bind to inactive cofilin (i.e. phosphorylated cofilin) preventing its dephosphorylation and may be involved in regulating its phosphorylated state (21) . AIP1 also binds to cofilin (22) and stimulates the depolymerization activity of cofilin. However, this may not be the case in uPAR-cathepsin B down-regulated cells since the levels of active cofilin were almost undetectable. It is more likely that the dephosphorylation of cofilin is prevented or inhibited by an associated molecule, such as 14-3-3˙.
From our results, it is evident that the down-regulation of uPAR alone caused the decrease in · V ß 3 integrin and active cofilin levels, indicating that uPAR alone is necessary for normal cellular migration. This conclusion can be substantiated from our previous results where we demonstrated that the antisense-mediated down-regulation of uPAR alone causes a decrease in invasion, migration, and reduction in the levels of · V ß 3 integrin (9). In contrast, the down-regulation of cathepsin B alone did not induce significant changes in the levels of · V ß 3 integrin whereas the levels of active cofilin were reduced. This indicates that the presence of cathepsin B with uPAR on the cell surface is important in maintaining a balance in the active and inactive state of cofilin (Fig. 4) .
Earlier reports provide conclusive evidence that the activation of cofilin is mediated through Ras and requires the combined activities of Ras effectors, MEK and PI3-k (23) . Given the role of cofilin for a functional actin cytoskeleton, the need for tight regulation of cofilin is evident. We have demonstrated, for the first time to our knowledge, that the regulation of cofilin is in part regulated by integrin-linked uPAR and is a part of the Ras and PI3-k pathway. In this study, we have demonstrated that the down-regulation of uPAR and cathepsin B either separately or together inhibits the dephosphorylation of cofilin. This might indicate that the uPAR-integrin linked MEK and PI3-k cascade is associated with cellular migration, which is mediated by cofilin.
We previously demonstrated the relevance of uPAR in the migration of glioma cells (9, 16) as well as the change in cytoskeletal organization and the involvement of MEK and PI3-k pathways in migration (16) . Enough evidence exists to indicate that cofilin is regulated by the uPAR-integrin linked MEK and PI3-k pathways. There is also mounting evidence to suggest that cofilin regulation is associated with EGF receptors and has been demonstrated in chemotaxis (24) . Other studies have provided evidence that the localized actin polymerization is independent of PI3-kinase and rho protein activity and requires Arp2/3 complex and cofilin function. This suggests that multiple pathways connected to cell surface receptor proteins regulate cofilin. Other groups have also demonstrated that actin nucleation promoting factor (NPF) neural Wiskott-Aldrich syndrome protein (N-WASP) binds the SH2-plus SH3-domain containing adaptor protein, Nck, in control and VEGF-treated cells (25) . In vivo results have demonstrated that imaging of GFP-labeled metastatic tumor cells reveals cell orientation towards blood vessels (26) . A recent report has provided evidence for the existence of a novel regulator of cofilin-mediated actin reorganization chronophin and its involvement in cofilin regulation during cell division (27) . We are now beginning to understand the processes involved in cytoskeletal reorganization and the involvement of cell surface receptors in cytoskeletal dynamics. In conclusion, this study reveals the importance of uPAR and cathepsin B in cell migration and as potential targets in the treatment of metastatic tumors.
